Abstract. The dielectric properties of mixed-oxide CaMn 7 O 12 are reported. This compound exhibits a high dielectric constant at room temperature (εЈ r > 10 4 ), for frequencies up to 10 4 Hz, values that make it very attractive for potential applications provided that its rather high losses can be minimized. Complex plane analysis of the obtained data reveal an important extrinsic contribution to these high εЈ r values; and also that the
Introduction
Dielectric materials with high dielectric permittivities and low loss factors over a wide frequency range are always of great interest due to the important applications of such properties in many electronic devices, like high-performance capacitors. Nowadays, the best industrial performances are given by ferroelectrics, i.e., substances with permanent electrical dipoles, even in the absence of an external electric field [1] .
Besides the "classical" and well-known ferroelectric perovskite materials (BaTiO 3 , PbTiO 3 , etc.), that are the most widely used [1] , other ACu 3 M 4 O 12 (A: Ca, etc.; M: Ti, Fe, etc.) double-perovskites have been recently found [2] . Very interestingly, these latter display very high (giant) dielectric constants, (ε r ϳ 10 4 at 300 K) whose intrinsic or extrinsic nature, as well as its origin is being currently intensively debated [2, 3] .
In this work we focus in the dielectric properties of CaMn 7 O 12 , a closely related mixed-oxide that shows the added complexity of experiencing the electronic process of charge ordering as a function of temperature.
From the structural point of view the compound CaMn 7 6 ] octahedra, that are tilted, so that one-fourth of the A-sites are distorted into icosahedra (that are occupied by intrinsic dielectric constant of this material is εЈ r,ϱ ϳ 30, a value rather high for this type of compounds, that could be related to the electronic process of charge-ordering present in this oxide below 440 K.
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2ϩ ions) and three-fourths into tetracapped rhombic prisms that accommodate the Jahn-Teller Mn 3ϩ ions. Above 440 K, the formally Mn 3ϩ and Mn 4ϩ ions occupy at random the octahedral B-sites and the crystal symmetry is cubic (Im3) [4] (Figure 1) . Nevertheless, at 440 K this compound experiences a structural phase transition associated to the electronic processes of charge and orbital ordering (CO) and (OO) [4] . Below 409 K, the crystal structure has trigonal symmetry (Space group: R3) [5] , due to the ordering of the distinguishable Mn 3ϩ and Mn 4ϩ ions in the B sublattice, (9d) and (3b) sites [5] . These two phases coexist over the temperature interval 409 < T < 440 K.
From the magnetic point of view, this compound is paramagnetic above 86 K. Below 86 K long-range magnetic ordering of the magnetic moments of Mn 3ϩ and Mn 4ϩ ions has been observed, and between 86 and 50 K two different ordered magnetic phases have been detected: one ferrimagnetic and another modulated [6] .
In this paper we study the dielectric behavior of this charge-ordered mixed oxide. CaMn 7 O 12 was synthesized by the so-called "liquid-mix" or Pechini method [7] , using CaCO 3 (Panreac, >98,6 %) and Mn(NO 3 ) 2 ·H 2 O (Aldrich, >98 %) as starting materials. The procedure was as follows: We dissolved stoichiometric amounts of these metallic salts in a 1M citric acid aqueous solution. We then added the same volume of ethyleneglycol, and we finally diluted the so-obtained solution in water (50 % v/v). The resulting solution was heated at 200°C until a brown resin formed, whose organic matter subsequently decomposed at 400°C. The precursor powder was treated at 800°C/48 h, 925°C/48 h and 950°C/48 h, with intermediate grindings. Finally it was annealed at the highest temperature of 975°C (as for T> 975°C the as-obtained sample melts) during 48 h.
The structural characterization of the sample was carried out at room temperature by means of X-ray powder diffraction (XRPD) using a Siemens D-5000 diffractometer and Cu (Kα) ϭ 1.5418 Å radiation. The XRD data were analyzed by the Rietveld profile analysis using the Rietica software [8] .
The morphology and particle size of this polycrystalline material was studied in a scanning electron microscope (SEM), JEOL 6400.
The complex dielectric permittivity of this material was measured with a parallel-plate capacitor coupled to a precision LCR meter Agilent 4284 A, capable to measure in frequencies ranging from 20 to 10 6 Hz. The capacitor was mounted in an aluminium box refrigerated with liquid nitrogen, incorporating a mechanism to control the temperature up to 350 K. The pelletized sample with average diameter of 2 cm was prepared to fit in the capacitor, and gold was sputtered on its surface to ensure good electrical contact with the plates of the capacitor. And aware of the controversy regarding extrinsic polarization effects as origin of very high dielectric constants in other ceramic materials [9, 10] , additional measurements were performed using sputtered silver contacts. Also, to test the optimal performance of the experimental set-up, a commercial SrTiO 3 sample was measured and values similar to those reported in the literature [11] were obtained.
Complex plane analysis of the obtained impedance data was performed using the computer program LEVM [12] .
Results

Characterization
The X-ray diffraction pattern shows that CaMn 7 O 12 is the major phase in the sample but also that small amounts of Mn 2 O 3 and Mn 3 O 4 are present as secondary phases. Nevertheless, quantitative analysis of the XRD data by the Rietveld method indicate that these impurities represent minor amounts (< 2 %).
This difficulty to obtain a completely pure phase has also been observed and highlighted by other authors, that prepared this mixed oxide by other methods and could neither obtain a single phase material [13] .
As for the cell parameters of the CaMn 7 O 12 phase, the refinements give a h ϭ 10.458 Å and c h ϭ 6.342 Å in good agreement with the data reported in the literature [13] .
Morphologically this polycrystalline sample consists of an homogeneous distribution of pseudo-spherical particles of diameter ഠ 1 μm as seen in the SEM micrographs.
Dielectric properties
The relative complex dielectric permittivity of the sample: ε r ϭ εЈ r ϪiεЉ r (ε r ϭ ε/ε 0 ; where ε 0 ϭ 8.85x10
Ϫ12 F/m is the permittivity of free space) as well as its conductivity were measured as a function of frequency and temperature. Figure 2 shows the real part of the dielectric permittivity εЈ r (dielectric constant) as a function of temperature, obtained at different frequencies.
The first remarkable feature is that the value of εЈ r , that is of the order of 30-50 at low temperatures, experiences a significant increase above a certain temperature giving rise to a very high (giant) dielectric constant at room temperature (εЈ r > 10 4 ). The temperature at which this increase takes place markedly shifts to higher values as the measuring frequency increases.
The behavior of the real part of the dielectric permittivity as a function of frequency is shown in Figure 3 . As it can be seen, the giant dielectric constant keeps a constant value for a certain frequency range giving rise to a "plateau", to then decrease as frequency gets higher. It is also interesting that this plateau extends over larger frequency ranges as temperature gets higher, so that for Tϭ 300 K this very high εЈ r values (εЈ r ϳ 10 6 ) are retained up to 10 4 Hz. Meanwhile, the imaginary part of the dielectric permittivity εЉ r shows rather high values, that decrease lineally with frequency and increase as temperature rises as shown in Figure 4 . As a result, the values of the loss tangent (tan δ) of this sample, tan δϭ εЉ r / εЈ r , are rather high (Figure 5 ). On the other hand, and very importantly, this CaMn 7 O 12 sample is not completely insulating but shows a certain conductivity that increases with temperature ( Figure 6 ). In addition, for TՆ 300 K the low-frequency σ a.c. constant value experiences a sudden increase at νഠ 10 4 Hz, that is in fact the frequency at which the dielectric constant shows the step-like decrease.
The here reported results correspond to data obtained using sputtered gold contacts.
If sputtered silver contacts are used slightly smaller εЈ r values are measured together with higher loss tangent values.
Discussion
The here reported dielectric behavior of the mixed oxide CaMn 7 O 12 is very interesting both from the scientific and the technological point of view. In this context, the high dielectric constant of this compound at room temperature for frequencies up to 10 4 Hz makes this material attractive for potential applications provided that its high dielectric losses can be minimized while keeping εЈ r as high as possible.
On the other hand, from the scientific point of view many questions should be understood about the origin of the observed dielectric behavior.
For this purpose, and taking into account that this material is not completely insulating, we have substracted from the εЉ r raw data the contribution from free charge carriers following equation [1] :
where εЉ r,die is the contribution of the dielectric to εЉ r and σ d.c. is the d.c. electrical conductivity, that is obtained from the extrapolation of the conductivity, σ(ω), to low frequencies.
If we represent the so-obtained εЉ r,die data as a function of frequency we find the results shown in Figure 7 . As it can be seen, in addition to the maximum found at very low frequency Ϫthat is typical of diffusional processesϪ for T> 250 K a second maximum appears at ϳ 10 4 Hz, frequency at which the very high dielectric constant decreases in a step-like manner (Fig. 3) . This second maximum ressembles that of a Debye-like dipolar relaxation process with characteristic times, τ ϭ 1/ω, where ω is the characteristic frequency of relaxation.
A logarithmic fit of the characteristic relaxation times versus the inverse of temperature shows that these follow an Arrhenius type of behavior, τ ϭ τ 0 exp (U/k B T), where U is the activation energy and k B the Boltzmann constant. From this fit we have obtained a Uϳ 185 meV and a τ 0 ϳ 153 ns.
On the other hand, if we examine the temperature dependence of σ d.c. we observe a thermally activated behavior, with an activation energy of 216 meV.
This result correlates well with that of characteristics times establishing a link between its dielectric relaxation and its conductivity.
But these relaxation process, do they merely come from extrinsic effects due to interfacial polarization (from the electrode/sample interface, from grain boundaries in the polycrystalline sample) as described for other oxides in the literature [14, 15] or do they also have an intrinsic origin in the bulk material?
In this context, the fact that the results are dependent on the contact material already indicate a certain extrinsic contribution [16] .
To try to separate extrinsic and intrinsic contributions we have carried out complex plane analysis of the obtained impedance data, which involve plotting the imaginary part (ZЉ) against the real part (ZЈ) (Figure 8 ). The data have been best modelled on the basis of an equivalent circuit consisting of two parallel RC elements connected in series, that would represent the contribution from extrinsic factors (grain boundary and/or electrode response), while the bulk response has been approximated by another leaky capacitor, with a bulk capacitance determined by the intrinsic dielectric constant εЈ r,1 ഠ εЈ r,ϱ and a bulk resistance that is frequency dependent.
This εЈ r,ϱ is of the order of 30, a value that is still rather high for this type of oxides [17] . In this context it is interesting to note that in our research group we have also detected high dielectric constants in other oxides with charge ordering near their charge ordering temperature, such as in Pr 0.67 Ca 0.33 MnO 3 [18] (T CO ഠ 225 K) were a four fold increase of its dielectric constant is observed as temperature decreases below 225 K. All these results lead us to associate this enhanced intrinsic dielectric constants to the fact that the charge separation that occurs in a CO transition could lead to the formation of some kind of electrical dipoles in these type of materials, as it has also been theoretically proposed by other authors very recently [19] .
More work is being done on samples of different particle size, with different geometries and thickness to better clarify the role of extrinsic contributions to the observed dielectric zaac.wiley-vch.de Figure 8 Impedance complex plane plot in three different temperature ranges: for 110 < T < 150 K the Z* plot contains a single arc with cero intercept at high frequencies. For 150 < T < 250 K two arcs appear in the Z* plot, while for 250 < T < 350 K a single arc is again seen, but with a non zero intercept in this case. The experimental data have been fitted on the basis of an equivalent circuit consisting of three parallel RC elements connected in series.
response and to optimize the dielectric properties of this interesting material.
